The cps cluster of Escherichia coli K-12 comprises genes involved in synthesis of capsular polysaccharide colanic acid. Part of the E. coli K-12 cps region has been cloned and sequenced and compared to its Salmonella enterica LT2 counterpart. The cps genes from the two organisms are homologous; in the case of the LT2 genes, with G+C content of 0.6 1 and codons characteristic of high G+C species, it seems clear that they have been acquired relatively recently by lateral transfer from a high G+C species. The K-12 form of these cps genes is closely related to those of LT2 so must derive from the same high G+C species, but it appears to have transferred much earlier such that random genetic drift has brought P3 (the corrected G+C content of codon base 3) down from 0.77 to 0.64, more than halfway to the E. coli average of 0.57. We estimate, using an equation developed by Sueoka, that the lateral transfer to E. coli took place approximately 45 million years ago. This is the first report we are aware of demonstrating the expected adjustment of P3 after lateral transfer between species with different G+C content DNA.
Introduction
Escherichia coli and some related members of the Enterobacteriaceae produce a capsular polysaccharide, known as M-antigen or colanic acid. Colanic acid is a high-molecular-weight polymer containing six-residue repeat units composed of glucose, galactose, glucuronic acid, and fucose (Anderson and Rogers 1963; Grant et al. 1969; Garegg et al. 197 1; Markovitz 1977) . The activated precursors of these sugar constituents are nucleotide sugars, and the polysaccharide is believed to be assembled on a lipid carrier (Markovitz 1977) .
Five genes, namely cpsA-E, necessary for colanic acid production, have been located at the cps locus at 45 min on the E. coli map (Trisler and Gottesman 1984) , near and upstream of the rfb gene cluster that encodes enzymes for synthesis of the O-antigen component of lipopolysaccharide.
In the course of studies on the rfb gene cluster of Salmonella enterica LT2, we found and sequenced two sets of isogenes encoding phosphomannomutase and mannose-1 -P guanosyl transferase, which act consecutively to convert mannose-6-phosphate to GDP-man-nose. One set, comprising rjbK and rfbM, respectively, and located in the rJb cluster, serves to provide the precursor for addition of mannose to O-antigen. We showed (Stevenson et al. 199 1) that the second pair of genes are in the cps gene cluster and proposed that they comprise the first two genes for synthesis of GDP-L-fucose, the precursor of fucose in colanic acid. One was identified as cpsB, and the other was named cpsG, being isogenes of rfbM and r-K, respectively.
The cpsB and cpsG genes of LT2 have a G+C content of 0.6 1 (Stevenson et al. 199 I) , a value outside the normal range for the species, which suggests that the genes evolved in a different species and were acquired by Salmonella enterica by lateral gene transfer. The very high values of 0.75 and 0.79 for codon base 3 of cpsB and cpsG, respectively, were in the range expected for DNA from a 0.61 G+C content species, and not those expected for S. enterica. Given the relative ease with which random genetic drift can occur at base 3, this suggested that the lateral transfer event was recent. This conclusion was in contrast to the reported occurrence of colanic acid generally in E. coli, S. enterica, and other genera of Enterobacteriaceae (Grant et al. 1969) , which indicates that colanic acid was produced by their common ancestor. In this article we report the cloning and sequencing of cps genes from E. coli K-12, in an attempt to clarify the ancestry of cps genes in the two organisms. Our results substantiate the argument that the S. enterica L7' 2 cps genes had been acquired more recently than phylogenetic separation of these species but indicate that (Kohara et al. 1987) , as modified by Rudd ( 1992) and covering the cps locus, is shown at the top of the figure. The solid bar indicates the 6.6-kb fragment used for sequencing, magnified below to show endonuclease restriction sites and ORFs with the direction of transcription indicated by arrow.s underneath. Abbreviations: A, AC& B, BumHI; Bg, Bgll; E, EcoRI; Ev, EcoRV, H, HindIII; K, KpnI; P, PstI; Pv, PvuII; S, SWZUI. Asterisks indicate sites not shown in the modified Kohara map. the E. coli K-12 genes were acquired independently and much earlier.
Material and Methods

Bacterial Strain and Vector Plasmid
Escherichia coli K-12 strain NM522 (Ahsd.5, A(lacpro) (Gough and Murray 1983) was used throughout the study. The strain carries a ZacIq suppressor gene on an F plasmid. The phagemid vector, pT7T3-19U (Rokeach et al. 1988) , was utilized for both cloning and sequencing of the DNA fragment. The presence of the LacZ complementation system and the fl intergenic (IG) region, respectively, allow the screening of recombinant transformants on plates containing X-gal and the isolation of single-stranded DNA by superinfection of cultures with the Ml 3K07 helper phage (Vieira and Messing 1987) . The cps genes sequenced are from Kohara clones derived from E. coli K-12 strain W3 110 (Kohara et al. 1987 
Molecular Cloning and Sequencing of the cps Region
Methods for routine DNA cloning are as described in Sambrook et al. (1989) . DNA covering the putative Escherichia coli K-12 cps region was obtained from Kohara clone 353 (Kohara et al. 1987) in two fragments: a 3.5kb BamHI fragment and a BarnHI-EcoRI fragment of approximately 6.0 kb covering the region from the right-hand BamHI site to the right-hand end of the Kohara 353 insert DNA ( fig. 1 ). The fragments were purified by electrophoresis and extracted from agarose gel using DNA purification matrix Prep-A-gene. The BamHIEcoRI fragment was end-filled with Klenow polymerase I, ligated to synthetic Hind111 linkers, and cut with HindIII. Both the BamHI and Hind111 fragments were cloned into the corresponding restriction sites of pT7T3-19U in both orientations, which gave recombinant plasmids pPR1178, pPR1179, pPR1445, and pPR1446, respectively ( fig. 1 ), suitable for exonuclease III treatment.
The nualeotide sequence of the cloned DNA fragments was determined in both directions by the dideoxymediated chain termination method using Taq polymerase enzyme, fluorescent dye-labeled dideoxy-nucleotides, and universal primers complementary to the Evolution of cps Genes 83 1 primer sites in pT7T3-19U. Nested sets of deletions were made using exonuclease III (Henikoff 1984) and restriction enzymes Sac1 and SmaI for pPR 1178 and pPR 1179 or Sac1 and AccI for pPR 1445 and pPR 1446. The resulting plasmids were packaged using helper phage M 13K07. Sequencing reaction mixtures were run on an ABI 373A sequencer.
Computer Analysis
Sequence data were analyzed using the Australian National Genomic Information Service (ANGIS) at Sydney University, which incorporates several sets of programs (Reisner et al. 1993) . Sequences were edited and assembled using the SEQFIX (Bucholtz and Reisner 1986) and SAP (Staden 1982 (Staden , 1986 programs, respectively. The multiple option program NIP (Staden 1984) was used to identify open reading frames and determine G+C content, codon usage, protein translation, and endonuclease restriction cleavage sites. Sequence data bases were searched using the NCBI blast network server (Altschul et al. 1990 ). Pairwise alignments of nucleotide and amino acid sequences were made using the program BESTFIT of the GCG package (Devereux et al. 1984) . The hydrophobicity and charge distribution of the predicted amino acid sequences were estimated by the program CHOU (Devereux et al. 1984) .
The sequences of 47 genes that had been sequenced in both Escherichia coli K-12 and Salmonella enterica LT2 were extracted from the data bases and used for a comparative study of G+C content. The genes were araA, araB, araC, araD, aroA, cheR, the W, cheY, cheZ, crp, err, cysB, cysK, dnaA, dnaB, dnaG, envZ, glgC, gnd, hisA, hisB, hisC, hisD, hisF, hisG, hisH, hisIE, hisP, hupB, metJ, ompA, ompR, pabA, pabB, prsA, ptsH, pyrB, pyre, pyrF, pyrl, rpoB, rpoD, rpsU, sulA, trpA, trpB, and trpE. The program MULTICOMP ) was used to facilitate multiple alignment of nucleotide sequences and for determination of sequence dissimilarities (see below).
Pairwise Dissimilarity
The dissimilarity between two sequences was assessed by the method of De Wachter et al. (1985) using the equation
(1) D,, is the dissimilarity between sequences x and y, and Z is the number of alignment positions in which both sequences contain an identical nucleotide, S the number of positions in which x is substituted with respect to y, G the number of positions in which x contains a gap and y a nucleotide or vice versa, and N (= I + S + G) the number of positions in which at least one of the two sequences contains a nucleotide. Values for Z, S, and G were estimated using MULTICOMP.
Results and Discussion
Nucleotide Sequence A 6.6-kb region, covering pPRll78/1179 and half of pPR1445/ 1446, was sequenced. One partial and five complete open reading frames (ORFs) were found (fig. l), all transcribed in the same direction as the rfb cluster, which is also the preferred direction with regard to replication (Burland et al. 1993) ; cpsB was present in the position already indicated, starting 112 bases to the right of the BamHI site at position 3.6 kb, followed by cpsG, identified by sequence similarity to its Salmonella enterica LT2 counterpart. The other ORFs are named orfo. 0, or@. 9, ad so forth, according to their start position in kb. A search of the data bases revealed that part of cpsB and the whole of cpsG had been sequenced and deposited as unpublished information (Tal et al. GenBank accession number M77 127) but under the wrong gene symbols, cpsB and cpsG having been designated pgm and pmi, respectively. Genes pgm and pmi are for earlier steps in the mannose pathway and map elsewhere on the K-12 genome (Bachmann 1990) .
Orfo.0 is incomplete and has 79% identity to RfbD from residue 5 1 of Vibrio cholerae (genbank VCRFBAT), which is thought to be part of a GDP-perosamine pathway from GDP-mannose (P. A. Manning, personal communication). Our sequence of orfO.O presumably lacks the first 150 bases of the gene as the amino acid alignment starts at amino acid residue 5 1 of the V. cholerae gene. The only step in the probable GDP-perosamine pathway also required for synthesis of colanic acid precursors is conversion of GDP-mannose to 4-keto-6-deoxymannose as part of the GDP-fucose pathway: RfbD of V. cholerae and orfO.O of the cps cluster must be strong candidates for this step. The three remaining genes lie between genes implicated in synthesis of GDP-fucose and may all be part of the GDP-fucose pathway. This is supported for 0rf0.9 by the presence at its amino terminal end of a potential NAD binding PA sequence in the form present in many bacterial sugar pathway enzymes (Verma and Reeves 1989; Wyk and Reeves 1989) .
Gene orfl.4, upstream of cpsB, is present in LT2 in addition to cpsB and cpsG as the 3' end is recognizable in the published sequence (Stevenson et al. 199 1) . At least three of the genes are thus present in the same arrangement in LT2 and K-12.
G+C Content of Escherichia coli K-12 and Salmonella enterica LT2 cps Genes
The G+C content of the six cps ORFs from Escherichia coli K-12 and the two cps genes of Salmonella 832 Aoyama et al.
enterica LT2 are shown in table 1 together with the G+C content of each of the three codon bases (given as Pr, PZ, and P3, calculated as described by Sueoka [ 19881 to allow direct comparison with his data). The G+C content of the E. coli K-12 cps region was high for E. coli, with all six ORFs having values above 0.55, well above the average value of 0.50 for E. coli genes, and with PI and P3 values higher than usual for E. coli genes (table 1). All six genes are similar and are therefore treated together in the following analysis.
When the K-12 cps genes are plotted on the Sueoka plot for individual genes ( fig. 2A) , it can be seen that they are just within the normal E. coli (and S. enterica) range for the PI/P3 and P2/P3 ratios, whereas, as discussed before (Stevenson et al. 199 1 ) , the LT2 genes are clearly outside of this range. On the plot of species averages ( fig.  2B ) the LT2 genes clearly did not fit the pattern for species of 0.5 1 G+C content but fit that for species of 0.6 1 G+C content very well: the ratios for the K-12 genes, however, did not deviate greatly from those expected for 0.50 or 0.55 G+C content species.
The cps regions of LT2 and K-12 appear to be homologous as three of the genes are present in the same order in both (see above), and there is a high level of sequence similarity. They are also present in the same location in the chromosome, upstream of rfi (Stevenson et al. 199 1; Liu and Reeves 1994) . The sequences of cpsB and cpsG of E. coli K-12 and S. enterica LT2 differ by 18% (total of 503 sites), which is normal for the two species, and the difference of 10% at amino acid level, while above average, is within the observed range (Sharp 199 1) . However, the bias in the substitutions in favor of A+T in E. coli is quite unusual and is evident in both synonymous and nonsynonymous substitutions. Synonymous substitutions account for 77% of all substitutions between K-12 and LT2, of which 97% (75% of all substitutions) occurred in the third base. The 373 synonymous substitutions at codon base 3 are heavily biased with 2 10 of the base pairs involved having a y pair (G.C or C.G) in S. enterica and an (Y pair (A.T or T.A) (terminology of Sueoka 1988) in E. coli, compared with only 83 having an a! pair in S' . enterica and a y pair in E. coli (P < 0.0 1 by z-test): 80 had substitutions involving C and G or A and T. This bias in interconversion of cx and y pairs at base 3 accounts for the difference in average values for P3 and 75% of the difference in overall G+C content.
We compared the cps genes with other genes sequenced in both E. coli and S. enterica. The 47 pairs of genes analyzed had an average G+C content of 0.53 in E. coZi and 0.54 in S. enterica and average values for P3 of 0.57 and 0.60, respectively. The difference between PJ for the E. coli and S. enterica for our set of 47 genes ranged from -0.04 to 0.10 for individual genes, with a mean of 0.03. The two cps genes, with values of 0.14 and 0.15 for the differences in P3 values between E. coli and S. enterica, are 2.75 and 3 SDS, respectively, above the mean and clearly well outside of this range.
Relationships, Phylogeny, and Origins of cps Genes
The G+C content of bacterial genes exhibits limited intraspecies variation but substantial interspecies variation (see Sueoka (1993) . Sueoka (1962 Sueoka ( , 1992 put forward a now widely accepted hypothesis for the observed consistency of G+C content within but variation between species. He proposed that G+C content is determined by a difference in the rate for mutations that convert a y pair to an c1 pair and the rate for those converting . : :
(J:* * , , . , , , ,
3 pressure (up) was defined as U/(U + u). At equilibrium the G+C content for neutral positions is equal to PD. Sueoka (1988) has suggested that P3 gives a good approximation to l_tD because the third codon base is one of the most neutral positions within the genome as far as G+C content is concerned and is subject to relatively frequent substitution as shown by the preponderance of third-base substitutions in intraspecies variation (e.g., 157 of 184 polymorphic sites in the gnd gene of E. coli; Bisercic et al. 199 1) and in substitutions between closely related species such as Escherichia coli and Salmonella enterica. In bacteria P3 ranges from 0.02 to 0.98 (Sueoka 1993) , which suggests a similar range for pp. In Contrast, mutations at codon bases 1 and 2 generally lead to amino acid substitutions, and variation in base 1 and base 2 is limited by strong selective constraints on the amino acid sequence.
The finding that the ratios of P1 and P2 to P3 for the S. enterica LT2 cps genes fit the expectation for high G+C species indicates that they were recently transferred from such a species, with pnabout 0.77. When DNA is transferred between species of different average G+C content, it will be subjected to pn of its new host and its G+C content will drift toward the new equilibrium. It will move much more rapidly toward equilibrium under random genetic drift in base 3 than in base 1 or base 2, for which most substitutions require selective advantage to survive. The similarity of the LT2 cps genes to those of high G+C species suggests recent transfer as (Sueoka 1988) . The arrow indicates the E. coli data. The values for codon positions 1 and 2 for the cps genes of E. coli K-12 (larger open diamond and triangle, respectively) and S. enterica LT2 (larger solid diamond and triangle, respectively) are superimposed on the Sueoka graph: the data are the average for the six and two cps genes sequenced respectively for E. coli and S. enterica.
in the opposite direction. If for a given species v the overall mutation rate for all mutations that convert a to y pairs is greater than u, the overall mutation rate for all mutations that convert y to a pairs, the mutations available for natural selection and random genetic drift will be biased in favor of the y pair. Directional mutation from the same high G+C species, but the much lower value of P3 in E. coli K-12 is what would be expected for genes that have undergone considerable mutation since transfer. This implies that either the genes have mutated at different rates in the two species or they have been in E. coli much longer than in S. enterica.
We considered the possibility that since divergence mutation rates had in general been higher in E. coli than in S. enterica. De Wachter et al. (1985) had estimated that the mutation rate among eubacterial groups is comparable, but it is now possible to make a more precise comparison for E. coli and S. enterica as the gapA (glyceraldehyde-3-phosphate dehydrogenase) and ompA (outer membrane protein 3A) genes have been sequenced in both and also in several related species. For both genes we have compared the E. coli and S. enterica sequences separately with those of each related species as outgroup and find that the sequence difference between the outgroup and E. coli is essentially the same as that between the outgroup and S. enterica (table 2) . A difference in mutation rates since divergence of E. coli and S. enterica 
PheIlaArgVaUqGluGluAlaPheLeuUa
Cy~Pr~luCluSerVa~AspTyrALoValMetGluArgTl would lead one to differ more than the other from outgroups (De Wachter et al. 1985) ; clearly this is not the case. Note that for the gapA and ompA genes, the changes are mostly synonymous as is the case for cps, and so all are likely to be neutral and unaffected by any selection relating to function.
Ckdb*tBi~~~g~Gl~~T~ValValVa~~~~yaVal~Il~ly~Il~y~~~Gl~~nGluSerIle~Il~ro~uGly~
We cannot then invoke a general difference in mutation rates in E. coli and S. enterica td explain the much greater divergence of the E. coli IS-12 cps genes than the S. enterica LT2 cps genes from their presumed original value for P3, but instead we must look for an explanation specific to the cps genes. The data are consistent with the cps genes of K-12 and LT2 having a recent common ancestor in a high G+C species but having been longer in E. coli than S. enterica.
to calculate the time required for the G+C content to reach a given value after a mutator mutation that changes PD, where po is the equilibrium value for G+C content at neutral sites before the mutation, p the equilibrium value after the mutation, and Pt(t) the G+C content after time t. The equation is equally applicable to change in G+C content after lateral transfer of a gene between species of different pn, and applying it to our data for P3 using S. enterica cps as the value at time l2olution or cps Crenes u53   WrtL~L~~~~~~~I~~~~Z  GluAapIldlaTzpArgIleGlyArgAlaTyzGlyGluPhdmuLy8ProLy8Thr  120  C  TCG  cc  CGGCG  CC  G  G  C  TC  ATA  Thr   IleVruu~~y~V~g~~S~y8~~G  ACiE--GlyValA8pValLeuUpIleGlyMetSerGl~luGluIle  AC_  TA-p  240  CC  CC  CCC  G  GGGCGCG  G  C  C  C of transfer, E. coli cps for the value after mutation, and the average for the 47 E. coli genes discussed above for the equilibrium value, we obtain
To approximate u + v we have used an estimate of overall mutation rates for E. coli of 3 X IO-"per site per generation (Milkman and Stoltzfus 1988; Milkman and Bridges 1990) of which perhaps 0.75 interconvert a and y pairs (2/3 of pathways at any site will interconvert, and transitions are assumed to be twice as frequent as transversions). Of these 0.72 are estimated to be synonymous (Nei and Gojobori 1986) , to give an estimate of 1.62 X lo-" mutations per generation for u + v and 6.5 X lo9 generations for t. Milkman et al. (1988) estimate 200 generations per year, which translates to an estimate of 32 million years since transfer of the cps genes to E. coli, which is about 45% of the estimated time since divergence from S. enterica (Ochman and Wilson 1987) , with transfer to S. enterica much more recent. The time estimate is clearly very approximate as most input values are estimates only.
Conclusions
The cps (colanic acid) genes of Escherichia coli K-12 and Salmonella enterica LT2 discussed in this article have atypical G+C content and are therefore considered to have undergone lateral transfer. Observations of atypical G+C content have been found elsewhere, examples being some of the adhesin genes of E. coli (Mur- (Binder et al. 1986 ). However, the cps genes discussed in this article are remarkable in having different G+C contents in closely related species E. coli and 5' . enterica. The pattern of substitutions, essentially at codon base 3, indicates that while they have a common ancestor in a high G+C species, the E. coli genes have undergone more mutation since transfer than those of S. enterica. We can find no support for the possibility that the mutation rates have differed in the two species since divergence and therefore conclude that transfer to S. enterica was more recent than to E. coli and that both transfers postdate the divergence of the two species. This is an unexpected conclusion and also the first report, as far as we are aware, of the expected effect of directional mutational pressure on drift in P3 after transfer of a gene between species with different PD. For a possible explanation for the difference between E. coli and S. enterica in G+C content, we need to look at colanic acid, the product encoded by these cps gene clusters, which has recently been shown to be a form of type I capsule. Typical type I capsules, of which many forms are recognized (Orskov et al. 1977; Jann 1990, 1992) , are present in relatively few E. coli strains and give colonies a very obvious mucoid appearance under most conditions. Colanic acid, once thought to be generally present in E. coli, S. enterica, and other related species, is now seen to be an atypical type I capsule (Keenleyside et al. 1992; MacLachlan et al. 1993) . It is present in E. coli K-12 and S. enterica LT2 and only known to be absent in either species in that minority of E. coli strains with "typical" type I capsule. Unfortunately, too little is currently known of the genes encoding either colanic acid or typical type I capsules for useful comparisons to be made of the loci.
The recognition that cps (colanic acid) is a form of a polymorphic locus makes its independent acquisition by 5' . enterica and E. coli more easily understood, as the situation parallels that found for the highly polymorphic r-(O-antigen) locus, where it appears that strong selection for new forms of 0 antigen has lead to lateral transfer of rfb genes on a sufficient scale to give almost complete turnover of forms since E. coli and 5' . enterica diverged (see Reeves 1993 for a review). A similar situation probably applies to type I capsules as capsule type may well relate to occupation of specific niches. The forms found in E. coli and K. pneumoniae are generally, but not always, species-specific, and forms found in Erwinia have not been reported in other species. The novel finding is that the gene cluster for colanic acid appears to have been independently transferred to both E. coli and S. enterica, in both cases to become a widespread form such that it was at one time thought to be present at the cps locus in all strains. Perhaps a change in circumstances made colanic acid and its mode of expression appropriate for many strains of E. coli, 5' . enterica and related species.
Our conclusions are based entirely on the assumption that G+C content is determined by a mechanism that applies to the whole genome and hence that DNA atypical in this regard must have undergone lateral transfer. This assumption is strongly supported by the arguments put forward by Sueoka ( 1988 Sueoka ( , 1993 ; no convincing alternative explanation has been forthcoming. However, it is prudent to remember that the conclusions drawn in this article do depend on that assumption and also to note that there are cases of aberrant G+C content that are not easily explained in this way. For example, Nomura et al. (1987) found that some ribosomal RNA genes of Serratia marcescens had a G+C content similar to that of E. coli and quite different to the overall G+C content for S. rnarcescens. They considered lateral gene transfer very unlikely and suggested that there may be different mutational pressures that reflect differences in structural features in different parts of the chromosome. We do not find this a very satisfactory explanation for the E. coli and S. enterica cps genes, as even if such effects can occur in bacteria, we would have to invoke circumstances that lead to the G+C content of one cps cluster changing while that of a closely related species remained unchanged. We believe that our explanation for G+C content in the cps locus is the most realistic with current knowledge and note that both cps and the rfb locus discussed elsewhere relate to polymorphic structures. These polymorphism are presumably maintained because different forms are favored under different circumstances. In such cases, it seems reasonable to propose that there could be forms present in other species that could at times be favored by selection if transferred, which would lead occasionally to strong selection for lateral gene transfer. It seems less reasonable to invoke a different class of mutation or selection pressure that applies to some genes only, to give a high G+C content in cps (colanic acid) but low in rj.8 (several types).
Sequence Availability
The sequence has been deposited in GenBank under accession number L 1172 1.
